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Atomic simulation methods modelling fluid flows often incorporate in the equations of motion the
steady state flow profile predicted by Navier–Stokes equations. We show in this work that this may
lead to significant errors such as spurious shear induced ordering, unphysical steady state flow
profiles or artificial dampening of thermal motion even at shear rates regarded as low in simulation
applications. Our results also suggest that nonequilibrium molecular dynamics coupled with the
recently developed configurational thermostat, which makes no assumption at all on the flow profile,
provides a much more realistic way to study these phenomena. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1623178#
I. INTRODUCTION
Atomic simulation methods for modelling fluid flows of-
ten incorporate results and predictions from the macroscopic
Navier–Stokes equation. In the homogeneous methods, it is
assumed that the hypotheses underlying the Navier–Stokes
equations still hold for microscopic systems and that the so-
lutions to these equations describe accurately the simulated
system. This is the case for the two main methods used to
study a fluid undergoing planar Couette flow, i.e., nonequi-
librium brownian molecular dynamics ~NEBD! simulations
and nonequilibrium molecular dynamics ~NEMD! simula-
tions. In that case, the steady state flow profile is postulated
to be linear. In NEBD,1,2 a shearing term ~the linear flow
profile! is added to the equations of motion of the Brownian
particles. In NEMD simulations, the reference to the flow
profile is made in the thermostatting force, added to account
for the dissipation of heat: The thermostat interprets as ther-
mal motion any deviation from the linear flow profile. This
thermal motion is then effectively rescaled to ensure the tem-
perature is controlled.3
While assuming a linear flow profile is certainly correct
for a single component liquid undergoing planar Couette
flow at moderate flow rates, it is incorrect in many cases. If
the fluid undergoes some shear induced ordering or phase
transition,1,2,4–7 the simulated system will not be homoge-
neous any more and one cannot expect the flow profile to be
linear any longer. If the fluid flows past a wall, it will exhibit
some behavior—stick or slip at the wall depending on the
wall–fluid interaction and on the wall corrugation–which is
unlikely to be consistent with the overall assumed flow pro-
file. If the shear rates are very high, hydrodynamic stability
theory predicts that a sinusoidal secondary flow develops on
top of the linear flow profile.8 This prediction has been con-
firmed by recent NEMD simulations performed with a con-
figurational thermostat which does not require making any
assumption on the flow profile.9
Assuming and therefore enforcing a flow profile can
have a dramatic effect on the system properties. A notorious
and still controversial example is the so-called ‘‘string
phase.’’ 10–12 At high shear rates, imposing a linear flow pro-
file results in the spurious alignment of particles in strings
along the flow direction.9,13–15 It is believed that these effects
are negligible at low shear rates. Indeed, since heating is
proportional to the square of the imposed shear rate in a
NEMD simulation, the quantity of heat removed by the ther-
mostat and hence the extent of the effect of the thermostat-
ting forces will be less significant at low shear rates. We
show in this work that even at shear rates regarded as low for
molecular dynamics applications,4 the reference to an inac-
curate flow profile in the equations of motion can have sig-
nificant effects.
The paper is organized as follows. In the next section,
we describe the two numerical experiments we perform in
order to highlight the importance of these effects. We then
present the simulations techniques used in this work, i.e., the
usual NEMD method assuming a linear flow profile—the
so-called profile biased thermostat ~PBT!—and a NEMD
method making no such assumption—the recently developed
configurational temperature thermostat.16,17 We point out that
the configurational thermostat is the only thermostatting
method free of such assumptions that has been proposed to
date. Previous attempts to devise profile-unbiased thermo-
stats ~PUTs! focussed on determining as accurately as pos-
sible the flow profile. The limitations of these PUTs were
similar, though less severe, to those of the PBT: they relied
on the postulate that one can make an exact partition of a
particle velocity between thermal motion and flow profile for
all particles at all times and led to contradictory
results.13–15,18–20 We finally discuss and compare the results
obtained in the steady state for both simulation methods.
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II. DESCRIPTION OF THE NUMERICAL EXPERIMENTS
We perform two simple numerical experiments on a fluid
flowing past a wall. The two experiments only differ by the
nature of the wall–fluid interaction. The wall is chosen to be
smooth in the first experiment while it is corrugated in the
second experiment. We insist on the fact that the purpose of
these experiments is not to give a realistic description of
fluid flows but to highlight effects arising from assumptions
on the flow profile.
The simulation setup, common to both experiments, is
the following. We consider a confined fluid in equilibrium.
The fluid is contained in a cubic cell of edge length L and the
wall is located in the plane y50. This system is replicated in
the three directions of space according to the usual periodic
boundary conditions. We start the experiment ~time t50)
from an equilibrium configuration of the confined liquid and
the corresponding equilibrium distribution of velocities for
all particles. At time t501, we superimpose a linear velocity
profile on the equilibrium velocities of all particles of the
fluid and of its periodic images. The flow profile at t501 is
plotted in Fig. 1 for the simulation cell (0<y<L) and its
two nearest periodic images in the y direction. As shown in
Fig. 1, the fluid flows in the x direction and the velocity
gradient lies along the y axis. This is the local thermody-
namic equilibrium flow for planar Couette flow.
We now explain which steady state flow profiles we ex-
pect for the first experiment, i.e., a fluid flowing past a
smooth wall. There is internal friction within the fluid since
particles interact with each other. However, there is abso-
lutely no friction at the wall–fluid interface. ~Note that fluid
particles cannot interact with each other through the wall.!
This has two consequences: ~1! the fluid is going to slip past
the wall and ~2! the linear flow profile is not stable any more.
In the steady state, we expect the flow profile to be uniform
as for a plug flow. Since momentum is conserved, the whole
fluid should move at a velocity of gL/2 where g is the slope
of the linear profile, or the shear rate imposed at t501. The
predicted flow profile is plotted in Fig. 1.
We now turn to the results expected for the second ex-
periment, i.e., a fluid flowing past a corrugated wall. This
case is much more complex since one cannot a priori know
the nature of the boundary condition ~stick, slip or locking!
at the wall–fluid interface. We can nonetheless expect the
two following behaviors. For sufficiently low values of the
initial shear rate, friction at the wall–fluid interface will slow
down the particles of the fluid close to the wall and will lead
to a linear profile ~possibly with some slip!. For high values
of the initial shear rate, friction at the wall–fluid interface
plays little role and we expect to recover a plug flow velocity
of gL/2.
III. SIMULATION TECHNIQUES
We carried out simulations of these experiments for a
wide range of shear rates with either the usual NEMD
method assuming a linear flow profile, i.e., using the so-
called profile biased thermostat ~PBT! or a NEMD method
making no such assumption, i.e., using the recently devel-
oped configurational temperature thermostat.16,17 In both
cases, we used the SLLOD equations of motion3 supple-
mented with the corresponding thermostatting mechanism.
We point out that applying the adiabatic SLLOD equations
of motion to a fluid is in fact equivalent to ~i! initially super-
imposing the appropriate linear velocity profile to the actual
velocities of the molecules of the fluid and ~ii! afterwards
applying Newton’s equations of motion to this fluid. Thus, in
the absence of any thermostatting mechanism, the SLLOD
algorithm does not exert any constraint on the steady state
flow profile: the system is thus able to choose its own flow
profile consistently with Lees–Edwards periodic boundary
conditions.21
The PBT equations of motion are
r˙i5
pi
m
1gyiex ,
~1!p˙i5Fi2gpyiex2jpi ,
where j is the thermostatting multiplier given by Gauss’
principle of least constraint
FIG. 1. Flow profile at t501 ~top! and expected steady state flow profile for
a fluid flowing past a smooth wall ~bottom!.
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j5
( i~Fipi2gpxipyi!
( ipipi . ~2!
This method fixes the kinetic temperature estimated through
Tkin5
( i~vi2gyiex!
3NkB
, ~3!
where N is the total number of particles and kB the Boltz-
mann constant. The configurationally thermostatted equa-
tions of motions are16,17
r˙i5
pi
m
1gyiex1
s
T
]Tconf
]ri
,
p˙i5Fi2gpyiex , ~4!
s˙52Q ~Tconf2T !T ,
where Tconf is a configurational expression for the tempera-
ture evaluated according to22,23
1
kBTconf
5
K ( i51N ]2F0]ri2 L
K ( i51N S ]F0]ri D
2L , ~5!
where F0 is the potential energy of the system.
In these equations, ri and pi are the position and ‘‘pecu-
liar’’ momentum ~i.e., with respect to linear streaming veloc-
ity profile gyiex) of particle i , Fi the Newtonian force ex-
erted on i and m its mass. T is the imposed temperature and
Q is a damping constant. g5dux(y)/dy is the imposed shear
rate and ex is a unit vector along the x axis.
When a PBT is used, the thermostatting force acting on
particle i is equal to 2jpi . It is proportional to the momen-
tum which is peculiar with respect to the linear flow profile.
Equations ~1! are thus only correct when the actual flow
profile is identical to the assumed profile. Equations ~4! on
the other hand make no assumption about the streaming ve-
locity profile.
We study an atomic fluid modeled by the WCA
potential24
f~r !54«F S s
r
D 122S s
r
D 6G11 for r,21/6s ,
50 otherwise, ~6!
where m is the mass of an atom, « the well depth of the pair
potential, and s the particle exclusion diameter. Interactions
between particles located on opposite sides of the wall are
forbidden. In the remainder of the paper, we use a reduced
system of units, where the unit of mass is m , the unit of
energy is «, and the unit of length is s. All simulations were
carried out for a system of 8000 particles at a reduced tem-
perature T50.722 and a reduced number density n50.844.
The wall is located in the plane y50. In the case of a
frictionless wall, the interaction between a particle i and the
wall is given by
Fw2 f~ri!5
1
3yi
12 . ~7!
In the second experiment, we add a term to that repulsive
function to account for friction
Fw2 f~ri!5
1
3yi
12 1
exp~2uyiu!
2 sinS 2pmxiL D , ~8!
where m was arbitrarily chosen as the integer part of L . The
corrugation potential therefore has a wavelength of approxi-
mately s.
The equations of motion were integrated using a fourth-
order Gear predictor–corrector algorithm with a time step t
50.001. Properties were averaged over several runs of 200
time units.
IV. TRANSIENT REGIME RESULTS
Figure 2 shows the scaled transient flow profiles ob-
tained for a fluid flowing past a smooth wall using a configu-
rational thermostat for an initial shear rate of 0.2. The scaled
transient flow velocities are the actual transient flow veloci-
ties divided by the expected steady state flow velocity
(gL/2). Each transient flow profile was calculated by aver-
aging over 50 nonequilibrium trajectories starting from dif-
ferent equilibrium configurations of the confined fluid. The
transient flow profiles evolve as expected. For short times,
they remain close to the initially imposed linear profile. For
longer times, they relax and get closer to the expected plug
flow steady state profile. This plot shows that the SLLOD
equations of motion only set an initial linear flow profile and
let the system freely relax towards its steady state flow pro-
FIG. 2. Transient scaled flow velocity profiles across a fluid flowing past a
frictionless wall ~initial shear rate of 0.2 using a configurational thermostat!:
at t501 ~straight line!, t52.5 ~dashed line!, t55 ~diamonds!, t57.5 ~dot-
ted and dashed line!, t510 ~squares!, t512.5 ~straight line with filled
circles!, and t517.5 ~triangles!.
11007J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Flow profiles in nonequilibrium simulations
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
130.56.106.27 On: Thu, 15 Oct 2015 02:55:39
file. This confirms empirically the fact that the adiabatic
SLLOD equations are simply Newton’s equations applied to
a system which is initially in local thermodynamic equilib-
rium for planar Couette flow. The physically unsound steady
state flow profile for the PBT dynamics results from con-
straints exerted on the flow profile by the PBT thermostatting
method and cannot be attributed to the adiabatic SLLOD
algorithm.
We also mention that we observed, at short times, in-
creased ordering within the fluid when submitted to high
initial shear rates and when a configurational thermostat was
used. Figure 3 shows the transient density profiles obtained
for a fluid flowing past a smooth wall with an initial shear
rate of 5. At t50, there is a layering imposed on the equi-
librium fluid, because of the confinement. For t.0, this lay-
ering is enhanced by the shear for some period of time as
observed in Fig. 3 at t510. This is only a transient effect
which vanishes once the system reaches a steady state.
V. STEADY STATE RESULTS
We now present the results obtained in the first experi-
ment for a fluid flowing past a frictionless wall. First we
consider the results obtained with a PBT. Figure 4 shows the
scaled steady state flow profiles obtained for the simulation
cell. The scaled steady state flow velocities are the actual
steady state flow velocities divided by the expected steady
state flow velocity (gL/2).
Our results show that for low shear rates (g<0.2) we
obtain the expected plug flow profile: the fluid slips past the
frictionless wall. For shear rates between 0.2 and 1, we ob-
serve an intermediate behavior. As shear rate increases, the
actual flow profile differs more and more from the expected
plug profile and gets closer and closer to the unphysical lin-
ear flow profile imposed by the PBT. The difference between
the physically expected plug flow profile, imposed by inter-
nal friction within the fluid and zero friction with the wall,
and the linear profile assumed in the equations of motion
becomes more significant as shear rate increases. Hence ther-
mostatting forces increase and begin to overcome internal
friction within the fluid, resulting in this intermediate behav-
ior. For shear rates above 1, we obtain a linear flow profile.
In this regime, the thermostatting forces dominate internal
friction within the fluid. Finally at shear rates higher than
2.5, we observe the alignment of particles into strings along
the flow direction, i.e., the onset of the so-called string phase.
The transition to the string phase occurs at approximately the
same shear rate as for an homogeneous liquid of WCA par-
ticles. As shown in previous work, this transition occurs
when the mean thermal velocities of particles are comparable
to the typical change in streaming velocity between nearest
neighbors. Obtaining a string phase in the course of this ex-
periment is yet another proof that it is an artifact of the
simulation method.
The results for the steady state flow profile might seem
to indicate that results obtained for g<0.2 are free from any
artifact. However, this is not the case. We plot in Fig. 5 the
configurational temperature profiles obtained for the PBT
simulations. We point out that configurational temperature
profiles are an accurate measure of thermal motion at low
shear rates since they are found to be in quantitative agree-
ment with temperature profiles calculated using Eq. ~3! with
the actual flow profile. If the PBT were to work properly, the
temperature should be equal to 0.722 in all points within the
fluid. While the temperature is uniform at low shear rates g
<0.2, its average value is lower than the value supposedly
fixed by the PBT by 3% at g50.05, by 17% at g50.1, and
63% at g50.2. Indeed, the PBT interprets the deviation of
FIG. 3. Transient density profiles across a fluid flowing past a frictionless
wall ~initial shear rate of 5 using a configurational thermostat!: at t501
~dashed line!, t510 ~dashed line!, and in the steady state ~straight line with
filled circles!.
FIG. 4. Scaled flow velocity profiles across a fluid flowing past a frictionless
wall using a PBT: shear rate of 0.1 ~squares!, 0.3 ~circles!, 0.4 ~diamonds!,
0.5 ~triangles up!, 1 ~triangles down!, and 2 ~crosses!.
11008 J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Delhommelle, Petravic, and Evans
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
130.56.106.27 On: Thu, 15 Oct 2015 02:55:39
the actual plug flow profile from the assumed linear profile
as heat, consequently dampens all thermal motion and results
in a lower real temperature. This can have dramatic conse-
quences on the simulation results: in such simulations, a liq-
uid at a state point close to the triple point could be spuri-
ously forced to freeze by the thermostat. We point out that it
is only at very low shear rates ~less than 0.01! that the im-
posed value for the temperature by the PBT and the actual
temperature are the same within statistical errors. The tem-
perature profiles obtained for shear rates higher than 0.2 are
not uniform: regions where the actual flow profile is closer to
the linear profile are associated with higher thermal veloci-
ties and a higher temperature. We also note that these profiles
are parabolic as predicted by the Navier–Stokes equation for
a fluid undergoing shear flow. This is consistent with the
observed linear steady state flow profiles. These results
clearly demonstrate that the PBT simulation method forces
the fluid to undergo shear flow for shear rates higher than
0.2.
Unlike the PBT, the configurational thermostat gives re-
sults in agreement with the physical intuition. For all shear
rates, the fluid slips past the wall and a steady state plug flow
profile is observed. In all cases, the temperature profile is
uniform as it should be ~because in plug flow, the fluid does
not shear!.
We now turn to the results obtained for the second ex-
periment performed with a corrugated wall. First, we give an
account of the results obtained using a PBT. Scaled flow
velocity profiles are plotted in Fig. 6. Though the variety of
behavior observed is larger than in the first experiment, the
main conclusions are basically the same. Results are physi-
cally plausible for g<0.2. At g50.05, the flow is slowed
down by the friction at the wall–fluid interface and a linear
flow profile ~with some slip! is observed in the steady state.
At g50.1, there is a strong ordering in the fluid layer closest
to the wall at y50, resulting in locking of the fluid.25 At g
50.2, the shear rate is high enough so that the fluid does not
feel the wall corrugation and slips past the wall. Flow pro-
files obtained at higher shear rates show again some interme-
diate behavior as a result of the competition between the
thermostatting forces and friction within the fluid ~some in-
termediate behavior can already be seen for g50.2). At
higher shear rates an artificial linear flow profile is recovered
and eventually the string phase appears. We point out again
that although the flow profiles are physically sound for g
,0.2, the actual temperature within the fluid is considerably
lower than the imposed value.
The flow profiles obtained with the configurational ther-
mostat show similar features for g,0.2 ~linear profile with
slip at g50.05 and locking at 0.1! confirming that the PBT
flow profiles are correct for this range of shear rates ~Fig. 7!.
Nonetheless, the microscopic mechanism underlying the on-
set of locking is different. In both cases, the fluid is asym-
metric: the density of the fluid layer close to the wall where
locking occurs is larger than that of the fluid layer close to
the wall where slip occurs. However, while strong ordering is
observed along the x axis in the layer sticking to the wall
with a PBT, we observe no such ordering when a configura-
tional thermostat is used. It is more than likely that the con-
straint exerted on the flow profile by PBT ~namely that the
velocity along x is almost 0 in this layer! induces this strong
ordering. Again, at higher shear rates, we observe the physi-
cally expected behavior when using a configurational ther-
mostat: the fluid simply slips past the interface. We add that
temperature within the fluid is uniform and equal to the value
imposed by the thermostat at all shear rates investigated.
FIG. 5. Configurational temperature profiles across a fluid flowing past a
frictionless wall using a PBT: shear rate of 0.05 ~squares!, 0.1 ~circles!, 0.2
~diamonds!, 0.3 ~triangles up!, 0.4 ~triangles down!, and 0.5 ~crosses!.
FIG. 6. Scaled flow velocity profiles across a fluid flowing past a corrugated
wall using a PBT: shear rate of 0.05 ~circles!, 0.1 ~squares!, 0.2 ~diamonds!,
0.3 ~triangles up!, 0.5 ~triangles down!, and 1 ~crosses!.
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VI. CONCLUSION
We have shown in this work that the effect of including
an assumed flow profile in the simulation method can be
quite dramatic. We report two main types of artifacts when
using a common NEMD simulation method making such an
assumption. First, we observe unphysical steady state flow
profiles for shear rates above 0.2, culminating in the onset of
a string phase. This again constitutes evidence that the string
phase is an artifact. Second, we show that the actual tempera-
ture within the simulated system is much lower than the
imposed value even at shear rates regarded as low and safe
for molecular dynamics applications. These results clearly
show that using this method to study inhomogeneous media
such as shear induced ordering or shear induced phase tran-
sition may lead to spurious effects and incorrect conclusions.
We also expect to observe spurious effects if a single com-
ponent homogeneous liquid is subjected to shear rates high
enough so that non-Newtonian effects, e.g., noticeable shear-
thinning, are observed. In the latter, the actual flow profile is
expected to depart from the linear profile and to exhibit ‘‘sec-
ondary’’ flow profiles in directions parallel and perpendicular
to the flow.9 However, no artifact should be observed for a
single component liquid undergoing shear flow in the New-
tonian regime, which may be restricted to very low shear
rates if one studies a polymeric fluid. We also show that in
line with previous work, NEMD simulations performed with
a configurational thermostat, which makes no assumption at
all on the flow profile give physically sound results in all
circumstances investigated. We plan to apply this method to
study shear induced phase transitions in future work.
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